Cell fusion has been used for many different purposes, including generation of hybridomas and reprogramming of somatic cells. The fusion step is the key event in initiation of these procedures. Standard fusion techniques, however, provide poor and random cell contact, leading to low yields. We present here a microfluidic device to trap and properly pair thousands of cells. Using this device, we paired different cell types, including fibroblasts, mouse embryonic stem cells and myeloma cells, achieving pairing efficiencies up to 70%. The device is compatible with both chemical and electrical fusion protocols. We observed that electrical fusion was more efficient than chemical fusion, with membrane reorganization efficiencies of up to 89%. We achieved greater than 50% properly paired and fused cells over the entire device, fivefold greater than with a commercial electrofusion chamber and observed reprogramming in hybrids between mouse embryonic stem cells and mouse embryonic fibroblasts.
Fusion provides a unique tool to combine genetic and epigenetic information of two different cells. Since its first application in the 1960s, this technique has been mainly used to identify trans-acting factors that affect gene expression as well as to generate antibodyproducing hybridomas [1] [2] [3] . More recently, the fusion of enucleated oocytes and embryonic germ cells with somatic cells has provided definitive evidence for epigenetic reprogramming mediated via trans-acting factors 4, 5 . In addition to embryonic germ cells, embryonic stem cells and embryonic carcinoma cells also have been proven to reprogram somatic cells 3, [6] [7] [8] . In all of these cases, fusion is the crucial step, but technical limitations in how fusion is carried out have prevented detailed studies of fusion-mediated reprogramming. As a result, the mechanisms by which the transcriptional program of a cell is altered after fusion, leading to nuclear reprogramming, remains largely unknown.
Fusion of cells can be induced biologically (viruses or receptors) 2, 9 , chemically (polyethylene glycol; PEG) 10, 11 or physically (electric pulse) 12, 13 , with the latter two representing the two most commonly used techniques. Both chemical and electrical fusion rely on random cell-cell pairing and result in low overall fusion efficiencies, requiring antibiotic selection and lengthy subculturing to isolate the desired hybrids. Alternatively, single cells can be manually immobilized and then paired 14 , resulting in precise fusion partners but low numbers of fused cells.
Improving the process of cell fusion lies in both the mechanism of initiating membrane fusion as well as in controlling how the cells are brought into contact and properly paired. There have been previous attempts using microfluidics for cell pairing, using either flowthrough or immobilization techniques to improve cell contact. Flow-through approaches, in which cells are brought into contact through alternating current fields or biotin-streptavidin coatings, demonstrate that higher membrane fusion efficiencies can be achieved [15] [16] [17] [18] . However, these approaches lack the ability to properly pair and fuse unmodified cells, and the overall yield of desired fusions remains low. Immobilization techniques using hydrodynamic weirs or suction have demonstrated the ability to properly pair cells, and these devices have been used successfully for electroporation [19] [20] [21] [22] [23] but thus far are incapable of pairing and fusing cells.
Here we present a microfluidic device containing a dense array of weir-based passive hydrodynamic cell traps. Using a new geometry and a 3-step loading protocol, we could immobilize and pair thousands of cells at once. The device is compatible with both chemical and electrical fusion protocols. We demonstrated the utility of our device for pairing and fusing different cell types, including NIH3T3 fibroblasts (3T3s), myeloma cells, B cells, mouse embryonic stem cells (mESCs) and mouse embryonic fibroblasts (mEFs), improving fusion efficiencies to 450%. Additionally, our device allows observation of fusions on-chip without losing registration within the array, enabling us to identify and analyze properly fused cells. As commercial fusion techniques have low efficiency but can still generate viable hybrids using both PEG and electrofusion, we sought to demonstrate that our microfluidic device is also able to generate viable hybrids. We demonstrated that 3T3-3T3 as well as mESC-mEF hybrids can be cultured for prolonged time after fusion in our device and are able to reprogram mEFs after fusion to embryonic stem cells.
RESULTS

Microfluidic device design
The cell capture device comprises thousands of polydimethyl siloxane (PDMS) cell traps densely arrayed within a flow-through channel. Each cell trap consists of a weir structure that extends RECEIVED vertically into the channel and contains front-side and back-side capture cups ( Fig. 1a-d ). Support pillars placed on either side of the capture cups allow flow into and under the trap. We tailored the pillar heights to be slightly smaller than the cell diameter so the cells were trapped once they entered the capture cup. The support pillars also maintained proper channel height across the array once the device was bonded to a glass substrate. We incorporated the cell traps into three different devices; the largest was 8 mm Â 4 mm and contained B6,000 traps ( Fig. 1e ). We observed that the trap spacing within the array was critical for efficient capture without clogging. With optimal column spacing (B1-1.5 cell diameters, B20 mm) and a row spacing of 20-50 mm, we could capture 70-90% of the cells that entered the array ( Supplementary  Fig. 1 online) .
Cell capture and pairing
We accomplished 2-cell capture and pairing using a three-step loading protocol. We first isolated single cells in the smaller backside capture cup ( Fig. 2a ). Once the array was saturated, the cells were transferred directly 'down' into the opposing larger capture cup ( Fig. 2b) . This transfer was fast (o1 s), massively parallel and highly efficient because of the laminar flow within the device (Supplementary Video 1 online). Finally, the second cell population was loaded and trapped immediately in front of the previously trapped cells (Fig. 2c) . The larger front-side cup was sized to trap 2 cells, so additional cells traveled through the array until it was saturated. We obtained 2-cell capture efficiencies up to B80% (percentage of traps occupied by exactly 2 cells of any type) and pairing efficiencies of up to 70% ( Fig. 2d and Supplementary Discussion online). Higher efficiencies were possible in the middle and bottom of the array where less penetration of larger cell clumps and therefore better single cell transfer occurred.
Fusion in the microfluidic device
We next tested the compatibility of our device with both chemical and electrical fusion protocols. We determined fusion efficiencies for all experiments by imaging and counting the number of cells that exchanged fluorescent molecules (indicative of initiation of fusion) and/or exhibited plasma membrane reorganization (indicative of advanced fusion).
First, we explored the capability of our device to fuse different cell types using PEG. We flowed PEG past the cells causing them to shrink from the osmotic shock (Supplementary Video 2 online of 3T3s). During this time, the cells remained in contact and stationary within the array, demonstrating that our trap geometry can successfully immobilize the cells even though there is a substantial change in cell volume. Next, we washed the PEG out with medium, causing the cells to swell back to their original size and initiate fusion. An advantage of our device is that solutions can be exchanged rapidly while the cells remain paired and in contact; therefore, additional doses of PEG can be applied to increase fusion efficiencies without losing cell pairing or registration. We determined the effect of multiple PEG doses on either unlabeled or CellTrackerlabeled 3T3s paired in the device. A wash with a single dose of PEG yielded 15% fluorescence exchange over CellTracker-labeled 3T3 pairs and 8% membrane fusion of unlabeled 3T3s, and subsequent washes with PEG resulted in up to 35% fluorescence exchange over CellTracker Green-and Red-labeled pairs and 25% membrane reorganization of unlabeled 3T3s (Supplementary Fig. 2 and Supplementary Video 3 online). Viability staining with trypan blue performed on both unlabeled and labeled cells after fusion indicated an increase in cell death with additional washes with PEG, eventually limiting the effectiveness of subsequent doses.
We then adapted our device to be compatible with electrofusion protocols. To introduce electric fields, we plasma-bonded the device to a glass slide containing metal electrodes ( Fig. 1e ). Once the cells were paired and immobilized, we flowed hypoosmolar fusion buffer past the cells, causing the cells to swell. The capture cups used were slightly deeper to accommodate the cells as they became larger (Supplementary Video 4 online; 3T3s). Again, as with the PEG protocol, the cells remained immobilized and paired as they changed size. An added benefit is that the cells were prealigned and in contact so no alternating current field was required. We analyzed membrane fusion after the electrical pulse (Supplementary Videos 4 and 5, and Supplementary Fig. 3 online). We found electrofusion to be significantly more efficient than PEG-mediated fusion (P o 0.05); a single series of pulses yielded 78% fluorescence exchange over CellTracker-labeled red and green cell pairs and 89% membrane reorganization of unstained 3T3 cells.
Characterization of cell fusion
Another advantage of our device is the ability to observe the progression of fusion at the single-cell level. Using PEG, we fused PEG GFP-expressing mESCs paired with Hoechst-stained mEFs in the device. Before and immediately after the PEG application, two distinct membranes were visible and fluorescence was still localized within each cell ( Fig. 3a) . After 10 min, we observed green fluorescence within the mEF, demonstrating that the cytosols of the two cells had connected and fusion initiated. The Hoechst nuclear fluorescence was still localized in the mEF, indicating that the nucleus was intact. After 15 min, the plasma membranes began to reorganize, leading to a hybrid cell at t ¼ 25 min containing the contents of both cells. The Hoechst fluorescence remained partitioned in the new hybrid cell, suggesting no nuclear fusion had taken place. Electrofusion followed a different time course (Fig. 3b,c) .
Notably, we detected fluorescence exchange within seconds after the electric pulse, and in most cases, the outline of the nucleus was visible as the fluorescence first moved into the cytoplasm. This exchange of fluorescence was clear even though the cell membranes had yet to reorganize. After 10 min, the plasma membranes began to reorganize, and after 20 min, we observed hybrid cells. By immobilizing the cells, we could distinguish exchange of cell contents from membrane reorganization for single cell pairs.
Quantification of fusion over the array
Immobilizing the cells in a dense array also provides the opportunity to observe fusion for thousands of cell pairs in parallel. We used computational image analysis to monitor fluorescence exchange over the entire device in a fashion similar to a fluorescence-activated cell sorting (FACS) plot ( Supplementary Figs. 4-6 online). Immediately after the electrical pulse, the CellTrackerlabeled red and green doubly fluorescent population increased to 53.5%. With increasing time, more cells exchanged fluorescence (maximum 63.9% at t ¼ 5 min). In addition, the amount of fluorescence exchanged also increased as shown by the CellTrackerlabeled red and green doubly fluorescent cell populations located closer to the center of the plot ( Supplementary Fig. 6c ). This indicates that connections are established that allow continual exchange and eventual equilibration of cytosolic material 24 . Slight decreases in the number of doubly fluorescent cells at later times were artifacts owing to cells shrinking and moving out of the range of the analysis area.
Comparison of PEG fusion with electrofusion
Our device allows direct comparison of the fusion efficiencies of different fusion stimuli. We compared PEG and electrofusion efficiencies of properly paired cells determined by manually inspecting the images and evaluating the fluorescence exchange or membrane reorganization (Fig. 4a) . Using PEG, we fused PEG GFP-expressing mESCs paired with Hoechst-stained mEFs in the device. Using PEG, we initiated fusion of 39% ± 14% of cell pairs, whereas electrofusion resulted in a significantly higher 78 ± 12% fusion pairs (P o 0.05). These electrofusion efficiencies were comparable to those obtained when we fused DsRed-expressing and enhanced GFP (eGFP)-expressing cells electrically in the device (68 ± 24%, with a single-run high of 91%), and with CellTrackerstained mESCs and mEFs (single-run value of 56%). We also placed cells in the device and cultured them for 3 d without fusion stimulus ( Supplementary Fig. 7 online) ; we observed no doubly fluorescent (DsRed and eGFP) cells, indicating that negligible fusion occurred in the absence of fusogenic stimuli.
Comparison to standard macroscale fusion protocols
We compared the overall efficiencies in generating fused cells with our device to those with standard commercial PEG and electrofusion instruments and protocols. To compare between commercial and chip-based protocols, we primarily used a common fusion metric of fluorescence exchange that could be assessed for all protocols and has been used by others 25, 26 , and used membrane reorganization for the on-chip PEG experiments. We determined fluorescence exchange (percent red-green double-positive cells over the whole cell population) either by our image-analysis program or by FACS and evaluated membrane reorganization visually. Fusing CellTracker-labeled 3T3s using a standard PEG protocol yielded 6 ± 4% fused cells, compared with a significantly higher 25 ± 5% fused cells obtained after 4 doses of PEG in our microfluidic device (P o 0.05; Fig. 4b ). When we compared electrofusion in a commercial system to that in the microfluidic device, we found significantly higher fusion efficiencies in the microfluidic device (P o 0.05). For Cell Tracker-labeled 3T3s, we obtained 11 ± 9% fusion in the commercial Helix chamber (Eppendorf) as compared to 51 ± 16% obtained in our device, whereas for fluorescent protein-expressing 3T3s, we obtained 4 ± 2% fused cells in the commercial electrofusion system and 40 ± 13% in the microfluidic device. Finally, we obtained 11 ± 4% electrofusion of CellTracker-labeled mESCs and mEFs, and 23% electrofusion with our device (single run). In all cases, use of the microfluidic device delivered a twofold to tenfold improvement in fusion yield compared to commercial systems.
Demonstration of functionality of fused cells
Next, to determine whether cells removed from the chip after fusion can survive prolonged culture, we removed 3T3s after fusion in our device ( Supplementary Fig. 8 online) and cultured them for 10 d. We obtained viable fused cells as determined by the presence of red-green double-positive cells (Fig. 5a,b) , and via FACS analysis (data not shown). Fusions of embryonic stem cells with somatic cells have been used to demonstrate the capability of embryonic stem cells to reprogram somatic cells 6, 7 . To show that our microfluidic device can also be used to generate viable hybrids between mESCs and mEFs, we fused Hygromycin-resistant mESCs with Puromycin-resistant mEFs in our device and cultured them under self-renewing conditions. After 14 d under double selection, we observed drug-resistant colonies that had an embryonic stem cell-like morphology and expressed alkaline phosphatase (Fig. 5c) . Reactivation of embryonic genes, such as Nanog and Oct4, has been used to demonstrate successful reprogramming of somatic cells 7, 27, 28 . The Puromycin-resistant mEFs carried an additional Oct4-GFP reporter in their endogenous Oct4-locus, allowing us to investigate whether reprogramming, as judged by the reactivation of Oct4-GFP, would also occur. We detected colonies expressing alkaline phosphatase that also expressed GFP, demonstrating that our device is suitable for generating viable hybrids and observing reprogramming of mEFs after fusion with mESCs ( Fig. 5d ).
DISCUSSION
Controlling for the cell contact and pairing in our device we evaluated the efficiency of different fusion impulses based on independent measurements of fluorescence exchange and membrane reorganization. We compared the efficiency of generating fused cells with our device with that using conventional protocols. Electrofusion resulted in higher fusion efficiencies than chemical fusion likely because of the tight membrane contact between cell pairs when fused in the cell trap. Although we observed higher fusion efficiencies with electrofusion, this may change for cell pairs of widely divergent sizes. As the threshold voltage for generating pores required for electrofusion depends on cell size, and applying too much voltage across the membrane can cause cell lysis, two cells of very different sizes may be difficult to electrofuse successfully. In this case, fusion using PEG may be superior ( Supplementary Discussion) .
Considering that fusion efficiency depends on both pairing and initiation of fusion, and electrofusion yields in our device were up to B90%, it is clear that pairing represents the crucial step for highyield generation of properly fused cells. The 70% pairing efficiency that we achieved is a substantial improvement over the 25% pairing efficiency previously reported for biotin-streptavidin-linked cells, and our approach does not require cell-surface modification 17 . Also, the 51% ± 16% fusion efficiency for 3T3s represents a fivefold increase over the control and previously reported microfluidic fusion yields 17, 18 .
Analyzing cytoplasmic exchange for thousands of fusion events in parallel, we observed a slower mode of membrane reorganization in cells labeled with CellTracker dyes. For example, 25 min after fusion initiation, 24% of CellTracker-labeled 3T3 fibroblasts had reorganized membranes versus 91% of eGFP-DsRed-expressing 3T3 fibroblasts. Close inspection indicated that for many CellTracker-labeled cells the fluorescence was still somewhat partitioned, and the membrane reorganization, though initiated, was not completed within the same time frame as for as eGFP-DsRed-expressing cells ( Supplementary Fig. 9 online) .
In conclusion, our device provided insight into the fusion process, allowing us to decouple fluorescence exchange and membrane reorganization and to compare PEG and electric fusion. The device can be used for on-chip analysis of a variety of fusion-based studies between two-color, one-color and even unstained cells. Cells fused in our device maintained their viability and morphology offchip. When we fused mEFs to mESCs in our microfluidic device and plated into a tissue culture dish, we observed reprogramming of mEFs. Because our device maintains cell registration and analysis in the array, we anticipate its use to characterize fusion-mediated reprogramming of somatic cells.
METHODS
Microfluidic device fabrication and setup. Masters for the microfluidic device were made from SU8 (MicroChem) spun on silicon wafers using standard photolithographic techniques 29 ( Supplementary Figs. 1 and 10 online) . PDMS was poured over the master and then degassed before curing. Glass slides with electrodes were constructed from mask blanks precoated with chrome and photoresist (Telic), patterned by a transparency mask exposed to UV light. The PDMS devices and glass slides were assembled using plasma bonding. The devices were blocked with 7.5% bovine serum albumin and rinsed with phosphate-buffered saline (PBS) before use. Cells were manually placed in the top inlet reservoir and drawn through the device at 15-50 mm s -1 using a syringe pump.
PEG fusion in the microfluidic device. We pelleted 5 Â 10 5 cells of each cell type resuspended them in B500 ml of medium, filtered the suspension through a 35 mm cell strainer (BD Falcon) and loaded it into the device as described previously. All solutions and media were kept at 37 1C. PEG-1500 was put into the inlet reservoir and drawn past the cells at 0.4 ml min -1 for 3-5 min. The cells were washed with 1:1 PEG:medium for 1 min, then incubated in medium for 26 min. At time (t) ¼ 30 min, the cells were washed with trypan blue (10% in PBS; pH 7.4) for 5 min, then with medium for 5 min. At t ¼ 40 min, the second dose of PEG was applied, and the entire protocol was repeated for a total of 4 doses.
Electrofusion in the microfluidic device. We connected the electrodes to a power supply (Eppendorf) in parallel with a 50 kO resistor. After cell loading, we flushed the device with hypoosmolar fusion buffer at 0.4 ml min -1 for 10 min. The cells were pulsed at varying voltages (0.5 to 2.0 kV cm -1 ) for 50 ms Â 5 pulses. Hypoosmolar fusion buffer was flushed past the cells for an additional 10 min before being replaced with warm medium. The cells were then incubated for an additional 15 min at 37 1C.
Image acquisition and analysis. The microfluidic device was placed on an automated inverted microscope (Zeiss Axiovert 200m) fitted with a stage incubator (In vivo Scientific) and images were acquired either every 2.5 min or 5 min. A single randomly chosen image field (B200-300 capture combs) was used for each experiment, and the size of the image field remained constant. Images were analyzed in ImageJ (US National Institutes of Health) to determine pairing efficiencies (number of traps in the field of view occupied with a single cell of one type in the bottom of the well with a second cell (or more) of the other type on top) and fusion efficiencies (based on fluorescence exchange or membrane reorganization). Fluorescence exchange efficiencies were also analyzed using an automated macro written in ImageJ.
Additional methods. Details of device fabrication and assembly, and cell fusion and imaging are available in Supplementary Methods online.
Note: Supplementary information is available on the Nature Methods website.
